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BIOINSPIRED ENGINEERING OF
EXPLORATION SYSTEMS (BEES)

. DEFINITION: BIOMORPHIC EXPLORERS, BIOMORPHIC MISSIONS
. BACKGROUND: BEES 1998 and 2000
. BIOMORPHIC MISSION: COOPERATIVE LANDE/ROVER -BIOMORPHIC

EXPLORERS MISSION

. BIO-INSPIRED LANDMARK/FEATURE RECOGNITION
. ENABLING PROCESSOR FOR SURFACE FEATURE
RECOGITION ’
. BIOMORPHIC COMMUNICATION AND NAVIGATION
. BIOMORPHIC COPERATIVE BEHAVIORS
. MISSION ROADMAP
. MISSION TIME STEPS
. POTENTIAL 2007 MISSION
. SCIENCE APPLICATIONS AND PAYOFF
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i"? , — ~ BIOMORPHIC EXPLORERS

_': _': i *Bio-morphic explorers constitute a new paradigm in autonomous

2w | Mmobile systems that capture nature’s success strategies to

"% | implement new capabilities, that enable new scientific endeavors.
*Bio-morphic explorers are a unique combination of versatile mobility
utilizing adaptive, fault tolerant bioinspired sensory info processing,
controls, navigation, Communication and cooperative behaviors to
autonomously explore the challenging unknown and un-trodden
domains of space and earth.

BIOMORPHIC MISSIONS
— [ B

» Biomorphic Missions afe Co-operative missions that make synergistic
use of existing/ conventional surface and aerial assets along with
biomorphic explorers.
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37 Science Requirements

o Jd '

QB - Orbiter provides imaging perspective from ~ 400 Km height with resolution

L ~ 60 cm to 1 m/pixel; lander mast imagery is view from ~1-2 m height,

the essential mid range 50m-1000m altitude erspective is as yet uncovered and
is an essential science need. Imadgin from this mid-range is required to obtain

details of surface features/togograghy, particularly to identify hazards and
slopes for a successful mission)

* Close-up imagery of sites of interest (~ 5 - 10 cm resolution)
* 1-10 Km range, wide area coverage

* Distributed Measurements across the entire range

* In-situ surface mineralogy. |

- Candidate instruments include

* Camera (hazard & slope identification by close-up imégery)
Meteorological suite (in-flight atmospheric measurements)

* Microphone to hear surface sounds, wind and particle impact noises LR
* Electrical Measurement of surface conductivity i R
* Accelerometer Measurement of surface hardness o
 Seismic measurement (accelerometers) 4
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? ? o Cruiéé Stage Separat'ion_ Aerial Iy LaunChedPIanes ‘

1 8500 km, 6100 m/s
aa @ )
H R "V (125km, 7600mis)

% Parachute Deployment
‘}Z; (6-11 km, 360-450 m/s)

_ : Heaf shield Separatidn
- (5-9 km, 95-130 m/s)

Plane Deploy Initiate =~~~ e
. . - Plane deployed aerially, needs to communicate

~directly to orbiter/probe, Existing low altitude orbiter
~ allows limited narrow telecom windows 4. f {

: Ay .;’k ,\g i‘ ol

o RS Pl suE .
it .

The above scenario has been tiGtight bout-a-lot in the last few'years. A high altitude Near Synchronous Orbit
providing Long-Dwell service to any point on Mars is necessary/desirable for success on this type of mission
and therefore it has not been possible to do such a mission yet. L T

With our telecom infrastructure still in its infancy on MARS, at the current state, alternatively a cooperative
mission using a Lander/Rover as a robust local relay is described in this presentation.
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Jd 4| Microflyers launched off the lander or orbiter fiy preset flight plans, based o

ey O the Sun position, to the targeted site. At the site they btain close-up
imagery, and/or deploy surface instruments/ explorers/ experiments. a
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? E' Blomorphl_ : Mlcroflyers

44 . Small snmple, low-cost system ideal for distributed
44 - measurements, reconnaissance and wide-area

ﬁf ~ dispersion of sensors and small experiments.

~* Payload mass fractlon 50% or higher.

* small mass (100 g 1000 g)

* low radar cross section

- larger numbers for given payload
due to low mass

. pl'eClSlon targetlng to destination

« amenable to cooperative behaviors

* missions can use potential energy
by deploymg from existing craft at
high altitude

» Captures features of soaring birds,
utilizing rising currents in the

environment B

; j% * Launch options: spring, compressed Wi
gas launch, electric, rocket boosted etc 4 -

* Adaptive Control, Adaptive Wings 4

* Self Repair features ggg
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Biomorphic Gliders

a9

,?E * Small, simple, low-cost system ideal for reconnaissance
and wide-area dispersion of sensors and small
experiments.

* Payload mass fraction 50% or higher.

TotalMass(M) = 57 75 250 500 g

Payload (P) = 32 45 150 300g

P/M fracton = 56 - 60 60 60 %

Wing Span = 019 025 050 0.76m

‘Wing Area =0.014 0.021 0.071 0.143 m?

Volume = 168 300 1700 5200 cm?3

Flight Speed = 90 90 90 90 m/s

Range = 50 55 72 83 km

Duration = 590 650 800 1300s

Glide Ratio = b3 5.8 7.5 8.6 L ||
Starting Alt. = 10 10 10 . 10km A

4.

. Pefformance_ calculations based on conditions at 5 km altitude on § <
Mars for a glider that has an analog 2gm camera -

dd
* Volume based on projected area x mean thickness x 1.2 B
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75 ¢ Blomorphlc Glider Internal Arrangement

b L L1

CRL

4 d

<4 J

43 * System Components

ah 1. Battery, Li 400 mAh**
&% 2. Right elevon servo

. Leftelevonservo -
. Total pressure sensor |
. Static pressure sen_sor** -
. Airspeed sensor™
Sun position sensor**
. Flight controls computer .
10. Pitch rate sensor (2)
11. Roll rate sensor 2)
12. Surface experiment*
13. Camera*
14.C&DH* o
15. Commumcatlons
16. Antenna*
17. IR sensor*

* Payload elémehts,
** Shared payload/aircraft

Designed by C.Miralles: ,Aerovironment

sarita.thakoor@jpl.nasa.gov ‘ ‘ ‘ ‘ ‘ .
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3799 Blomorphlc Glider MasslPower Budgets
Ja Item Mass (g) Peak Average* |Description
5 L] Glider Pavioad Power (W) | Power (W)
% 1 Battery 7.0 7.0 - - Li-400 mAh, LTC-311
__2 Right elevon servo 0.5 - 0.200 0.200 |AV experience, micro geared servos
__ 3 Left elevon servo 0.5 0.200 0.200 .
4 Total pressure sensor 1.5 0.010 0.010 JiMMI IMP 2000
5_Static pressure sensor 1.5 0.010 0.010 |IMM! IMP 2000
6 Temperature sensor 0.2 0.025 0.025Si or Pt chip** [lksan,Jumo]
7_Airspeed sensor 1.5 0.005 0.005 | Servo motor/anemometer
__8 Sun position sensor 1.0 0.005 0.005 |Four-element photocell
9 _Flight controls computer 1.0 0.050 0.050 [AV experience, incl. some A-D conv.
10 _Pitch rate sensor (2) 2.0 0.120 0.120 JAV experience, Murata piezoceramic
11 _Roll rate sensor:(2) 2.0 : 0.120 0.120
12_Surface experiment 10.0 -10.000 0.050 |Payload reserve***
13 Camera 20.0 v 0:250 0.050 |JPL design, miniature camera
14 C&DH 2.0 0.050 0.050 }Incl. some A-D conv. for science instr.
15 Communications 5.0 10.000 2.000 |JPL/Caltech/AeroVironment design
16 Antenna 0.3 ‘ z . JPL/Caltech/AeroVironment design
17_IR sensor 0.3 0.200 0.200 ™
18 Airframe/IC/Misc. 12.0 - - Composite/ribbon/misc.
Subtotal 30.5 44.8|._ & |
Total 75.3 ' 21.245 3.095 B 7
» Average power consumed with duty cycle over 600 s fiight. dd
" Data reflects device noted or next generation of device. J
o THD, . J 4
Note: - Battery mass shared between payload and glider systems.
B
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Enabling Processor for La dmark/Feature Recognition
TRAINED WITH
, - WATER-FLOW FEATURE
NeURAL Y [WATER-FLOW FEATURE L LIBRARY
NETWORK | RECOGNITION TOPOGRAPHY MAP |

Input to

Neural Network
Image Classifier

network)

INTER
CONNECTION
WEIGHTS 64 Analog Outputs
' PROCESSING

ELEMENT

ARTIFICIAL
NETWORK

Low Power Analog
MODEL

Massively Parallel
Bio-Inspired Processor

(3-layer feed-forward

Identified |
Feature |

13 sarita.thakoor@jpl.nasa.gov




LLLLT
TIIIL BIOINSPIRED ENGINEERING OF EXPLORATION SYSTEMS
By By ! : ‘ e T

FE

PRIORITIZED CATEGORIES OF WATER FLOW FEATURE

CLASS 3
cLass2 .
'SIMPLER CATEGORIES OF FEATURES

14 saritathakoor@jpl.nasa.gov W W W W W W
EEEREE




BIOINSPIRED ENGINEERING OF EXPLORATION SYSTEMS

PRIORITIZED CATEGORIES OF WATER FLOW FEATURES

P,

CLASS 4

CLASS 5

L L L g’

COMPLEX CATEGORIES OF FEATURES
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 Feature Recognition using Neural Networks

Neural networks enable autonomy in exploration missions by implementing an automatic feature
identification and tracking ability. Automated target recognition in real environments is made difficult
by variations in object size and orientation or environmental influence such as lighting or partial
occlusion with another object. Specific characteristics of an object may be hard to express accurately
with classic modeling. Neural networks can help, by learning from a library of examples of the object
in different contexts, automatically capturing its key characteristics. There are two main
characteristics of the approach presented here, one being the use of a mapping of theadapive size
scanning/sliding window to a fixed size window and second the use of a neural network trained by
backpropagation, which takes the fixed size window and recognizes whether it contains the desired
feature or not. The approach is illustrated with asimuation demo, in which the neural network
learned to recognized and lock-on craters during computer simulated imagery of a fly-by over
Ganymede. The user just browses thru images and “shows the targets to the NN, by selecting them
within a capturing window. “Negative” examples are also shown outside the target regions. A three-
layer NN with sigmoidal neurons and trained by backpropagation with momentum learned the targets
that the users has selected and detected them in the images usedfor training as well as in images
never seen before. The inputs to the neural network were directly 8 bitgrey scale images and not
feature vectors as in the majority of otherapporaches. To ensure a fixed number of inputs for the NN,
we use an algorithm that lowers image resolution, from a variable size specified by the user in his
selection, to a fixed size (here 16x16). The NN was a 25632-2, the 2 output neurons being one for
target and one for non-target, and with a winnertakes-all decision making procedure.

For recognition, an adaptive size window slides scanning the image, and is transformed in a fixed

-size window which is the input to the NN. The demo illustrates a fly-by over Ganymede, with targets

being craters of various sizes. The NN is able to identify and track the craters while the camera
moves over the surface. The processing structure may bemapped to a 3DANN stacked chip, which
with the current algorithm would be able to process at a rate ofapproximately a few frames per

16 sarita.thakoor@jpl.nasa.gov Ny Ny Ny W
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5 u Feature recogf itlon overview

e | Feature Recognltlon usmg Neural Networks
aq |

1 —

1 Variable window size

Image scan and
Resolutlon reductwn
To fixed size window

; ‘ Transformed sublmag,e
~ Original Image - G and NN input
Target e 3 Layer Neural Network R )%
L 256 Input Neurons g

32 'Hiddeﬁ neurons

' 2 Output Neurons -
No Target -—em——— | |

As lllustrated above, each frame of the camera output is processed by the neural network to find
targets, in this case craters. Variable sized subimages are extracted from the main image,
converted to a fixed size and then fed to the neural 3-layer neural network which classifies the
subimage as a feature or non-feature.

L Ll
N W R N |
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Feature Recognition using Neural Networks

Multi- Sensor
Suite

Synapse Weight Templates

3-DANN Processor
(64 64x64 Templates)

Image Frame Buffer
256x256

. . Operator: none
image Window Controller '
o Processor/Memory s

In order to accomplish the recognitions at or near video frame rates, typical processors aren't enough. Wi &y
must use custom hardware. The above diagram illustrates a possible way to utilize a 3 dimensional Neurd 3
Network architecture to do a highly parallel n-cubed inner product in a matter of a quarter of a microsecor§l ;
with a point operation processor to do additional processmg such as asigmoidal neuron or image 34

manipulation. B 7
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mnl 0
e e JPL’S ANALOG SYNAPSE
2% R
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fSSYNAPSE

SRAM/MDAC
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RAL P ;,;;QOCESSING :
M) CHIP

L piemaL |
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BIOLOGICALl | SURFACE FEATURE

NEURAL | RECOGNITION
LR NETWORK
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LT ANI AID OPERAff “’fIONSv»»»IN ~250ns CONSUMING ,~0 8 w 0 POWER

/

nputs DIGITAL

EveRY WEIGHT

L LOADING
’ ’ ~250 ns ias

|64-CHIP OUTPUTS *
 CONNECTED -
_TOGETHER
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‘ CIRCUIT

ANALOG
INPUTS
EVERY
~250ns /

DIGITAL
WEIGHT
LOADING

' 64 ANALOG OUTPUTS EVERY ~250 ns

ONE COLUMN (64 o
 ANALOG VALUES) |
LOADED EVERY ~250 ns
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aul | THIS CIRCUITWFOR THE FI ST
% | (~250 ns) IMAGE DATA (64X64)
L | VlRTUAL Y AN

. - | e ° \ ,
. ’ \ - 1. —
= o v | e v’t '
o o DIGITAL : o
. ° LOADING
) i bias1 out ias2
\|
n
in (M) ) % o
inf | 'L ik !

— V 64 ANALOG OUTPUTS EVERY ~250 ns

ONE COLUMN (64
- ANALOG VALUES)
LOADED EVERY ~250 né
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FROM ANY TYPE OF SENSOR
~ _AS INPUT TO 3DANN
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P

~ CONVOLUTION
| 256X256 IMAGE

 64X64 TEMPLATE!
64 TEMPLATES

"4‘CLASSIFICATION

3LAYER FEED
FORWARD
@NEURAL'”"?,,»w
NETWORK -
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ar ge, Tr ECOgnl 10

~ Sensor Input ‘Elgenvecltors

Uszng neural network classi ‘1 rs on Eigen
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o enhance greup eff
. ’exp!orers by surve

im;m Ty Amaof

. , ... Pheromone e ;
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. . Atiracied *' 4 .
- . " Wote ot & 1

_Nakamura an Kui*urﬁé_tyahi, 1995

tads Ant

7’;’:; Phergmone Trail

{&) Behavior of each ant.
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BEES TIMELINE
Enabling better spatial coverage and access to hard-toreach and hazardous

areas at low recurring cost

nCOMMUNICATION
TEMPERATURE

CONTROL
BIOINSPIRED UWSTRUCTURE
MOBILITY | poweR BIOINSPIRED COMPUTING

BIOMORPHIC COOPERATIVE BEHAVIOR
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. DISTRIBUTED TEMPERATURE séﬁsme
. sasmuc ACTIVITY{ N:MONITORING

'cooperatlvely to fulflll task
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